| BACKGROUND
Peroxisomes are ubiquitous eukaryotic organelles that generally function in lipid metabolism and detoxification of reactive oxygen species.
They also perform a host of taxa-specific functions that depend on the evolution of novel combinations of matrix and membrane proteins. 1, 2 Matrix import occurs posttranslationally and depends on a Cterminal PTS1 signal (S/A/C)(K/R/H)(L) 3 or an N-terminal PTS2 signal (R/K)(L/V/I)X5(H/Q)(L/A). [4] [5] [6] [7] PTS sequences are recognized in the cytoplasm by cycling import receptors: Pex5 for PTS1 and Pex7 (along with a species-specific coreceptor) for PTS2. 8, 9 Cargo-receptor complexes interact with the peroxisome membrane-associated docking complex composed by Pex13 and Pex14. [10] [11] [12] [13] This supramolecular complex, referred to as the importomer, somehow transports both cargo and receptors across the membrane. [14] [15] [16] [17] Receptors are subsequently monoubiquinated 17, 18 and recycled into cytoplasm through the action of the ATPase peroxins Pex1 and Pex6. 16, 19 Matrix proteins can be imported as oligomers and proteins lacking a PTS signal can be piggyback imported when physically associated with a PTS possessing partner. [20] [21] [22] [23] [24] [25] This promotes peroxisome function and diversification in several ways. It allows matrix proteins to exploit cytoplasmic assembly pathways and associate with cofactors prior to import. This is exemplified by flavin adenine dinucleotide (FAD) bound heteropentameric Acyl-CoA oxidase in Yarrowia lipolytica, 26 and heme-containing homotetrameric catalase in animal cells. 27 Oligomer import can also increase import efficiency by allowing each cycle of import to act on a group of proteins. 25 In pioneering work, Subramani et al microinjected 4 to 9 nm gold particles coated with a PTS1-bearing peptide into tissue culture cells and found them imported into the peroxisomal matrix. 28 This result established the remarkable ability of the importomer to act on nondeformable particles of varying size. Membrane-associated components Jing Yang and Laurent Pieuchot contributed equally to this study.
Abbreviations: IPTG, Isopropyl β-D-1-thiogalactopyranoside; K d , dissociation constant; PCR, polymerase chain reaction; PMPs, peroxisome membrane proteins; PPARs, peroxisome proliferation activation receptors; qPCR, quantitative PCR; TMD-FIS1, GFP fused to the Fis1 tail anchor of the importomer have been incorporated into synthetic membranes, and addition of substrate-loaded Pex5 to this preparation results in the appearance of transient ion-conducting channels whose dimensions vary between 3 and 9 nm depending on the import substrate. 29 Together, these results suggest that the importomer forms a transient pore that has the flexibility to accommodate cargo of differing dimensions.
Here, we further develop the microinjection strategy with the aim of determining the biochemical compatibility of the importomer.
Our data reveal compatibility with polysaccharides and DNA and
show that relatively weak protein-protein binding is sufficient to promote measurable piggyback import. We further find that matrix protein import stimulates peroxisome growth and the accumulation of a variety of peroxisome membrane proteins (PMPs). This response does not appear to be accompanied by the upregulation of corresponding peroxin mRNAs. These data suggest that in animal cells, peroxisome size can be regulated by matrix protein expression levels.
2 | RESULTS
| DNA and polysaccharides can be piggyback imported
We constructed artificial import oligomers with three aims: (1) to determine whether the import machinery is compatible with unnatural substrates, (2) to determine the minimal physical interaction required for piggyback import and (3) to probe the upper size limit of the importomer. Our system is based on the streptavidin variant traptavidin, with improved biotin binding and mechanostability, 30 to which we introduced a PTS1 signal. Traptavidin-PTS1 (TraPer) can be Figure 1D ). Together, these results indicate that the DNA and oligosaccharides can be piggybacked across the peroxisome bilayer when coupled to a PTS-bearing protein.
| Piggyback import through a tunable coiled-coil domain
We next sought to determine the minimal physical interaction capable of supporting piggyback import. We used the 21 amino heterodimeric E3/K3 coiled-coil domain, 31 Figure 2D ). These results show that relatively weak protein-protein interactions are sufficient to support measurable piggyback import.
| Import of a 12.5 nm oligomer
The largest structures known to cross the peroxisome membrane are 9 nm gold particles. 28 To further probe the size-limit of the import machinery, we produced biotinylated mCherry repeat proteins of increasing size and coupled these to TraPer. The largest of these that could be produced in sufficient quantities for assembly and purification is 5XmCherry with a predicted molecular weight of 139 kDa.
Upon gel filtration, the TraPer-5XmCherry heterooligomer ( Figure 3A) migrates at approximately 650 kDa, consistent with its predicted molecular weight of 619 kDa ( Figure 3B ). Visualization by atomic force microscopy indicates that these particles have a uniform spherical appearance and an approximate diameter of 12.5 nm ( Figure 3C ).
Following microinjection, the heterooligomer is efficiently imported as revealed by colocalization with eGFP-PTS1 ( Figure 3D ). This suggests a new upper size limit of 12.5 nm. However, we note that the 5X-mCherry component of this cargo can potentially elongate and this raises uncertainty concerning the cargoes size at the point of import.
Using the microinjection approach to determine the importomer's upper size limit will require the development of cargoes to which this caveat does not apply.
| Matrix protein import promotes peroxisome growth and membrane biogenesis
Cells injected with mCherry-PTS1 at 10 mg/mL appear to develop larger peroxisomes than uninjected controls. Quantification shows that a single round of matrix import produces a 3-fold increase in peroxisomal volume and 1.5-fold increase in surface area, but does not
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K3-mCherry-PTS1 + E3-GFP (1:1) 18h Observation suggesting that matrix protein import-induced peroxisome growth is conserved in mammalian cells.
To determine how mCherry-PTS1-stimulated peroxisome growth impacts on membrane-associated activities, we first examined a central membrane-associated component of the importomer, Pex14. Cells were injected with low (1 mg/mL) and high (10 mg/mL) levels of mCherry-PTS1, fixed after 24 hours and stained for Pex14 ( Figure 5 ).
Compared to low levels, high levels of mCherry-PTS1 produce significantly larger peroxisomes and these have a roughly proportional increase in Pex14. Because Pex14 physically interacts with cycling matrix protein import receptors and constitutes a central component of the importomer, these data suggest that peroxisome growth is accompanied by an increase in the matrix protein import capacity.
We next examined the organelle division promoter Fis1, 33, 34 which is targeted to both peroxisomes and mitochondria through a Cterminal tail anchor. 35 Here, we developed an assay to examine the fate of nascent protein. Cells injected with low or high levels of mCherry-PTS1 were allowed to complete import and then reinjected with mRNA encoding GFP fused to the Fis1 tail anchor (TMD-FIS1) ( Figure 6A ,B). The distribution of newly synthesized TMD-FIS1 was then determined after 4 hours. The proportion of GFP signal on peroxisome and mitochondria was quantified using organelle-specific markers. These data indicate that a significant fraction of the nascent TMD-FIS1 is shifted toward the peroxisome in cells preinjected with high levels of mCherry-PTS1 ( Figure 6D ). An estimation of the density of TMD-FIS1 on the membrane suggests that there is no significant difference before and after injection ( Figure 6E ). To determine whether this is also true for full-length endogenous Fis1, we stained endogenous Fis1 with antibodies and found that it too appears to be redistributed in response to a round of matrix import ( Figure S2 ).
However, unlike TMD-FIS1, the peroxisomal density of full-length Fis1 appears to be higher in cells receiving high levels of mCherry-PTS1. Because of the role of FIS1 in organelle division, 33, 34 this accumulation may function to promote division of enlarged peroxisomes.
These data indicate that matrix import alters the fate of nascent FIS1
to favor its targeting to the peroxisome.
FIS1 insertion to the mitochondrial outer membrane appears to proceed without the aid of accessory proteins, 36 whereas peroxisome localization requires the Pex3 membrane protein. 37, 38 This suggests that the redirection of FIS1 following peroxisome growth could be due to increased activity of the Pex3-dependent pathway. Indeed, immunostaining against Pex3 suggests that as with the importomer component Pex14, its level increases along with mCherry-PTS1-stimulated peroxisome growth ( Figure 7 ). These results suggest that increased levels of Pex3 can account for the redirection of Fis1 to the peroxisome membrane.
| Matrix import-stimulated peroxisome growth does not appear to be accompanied by transcriptional regulation
We next sought to determine whether import-stimulated peroxisome growth leads to upregulation of peroxin gene expression. (Figure 8 ). None of the peroxins examined (Pex14, Pex3, Fis1, Pex11-alpha, Pex11beta, Pex16 and Pex19) showed a significant change in mRNA levels. We also examined the Peroxisome proliferator-activated receptor-γ coactivator PGC-1α, which is induced by thermogenic stimuli to upregulate peroxins in brown fat tissue. 39 Here too, no difference was observed between cells transfected with mCherry and mCherry-PTS1. Together, these results suggest that matrix importstimulated accumulation of PMPs occurs posttranscriptionally.
| DISCUSSION
The importomer is unique in its ability to act on folded oligomeric proteins, and a number of proteins are piggyback imported as Previous work showed that 9 nm gold particles are imported when attached to PTS1-bearing peptides. 28 Here we show that a 12.5 nm diameter oligomer is efficiently imported (Figure 3 ). This suggests a new upper limit for the importomer. However, the 5XmCherry component of this substrate can potentially deform at the point of import. Thus, more work will be required to confirm this finding using demonstrably rigid import substrates.
Transcriptional mechanisms are known to be associated with regulation of mammalian peroxisome proliferation. Alpha isoforms of peroxisome proliferation activation receptors (PPARs) induce peroxisomes in liver in response to plasticizers, 44 while the transcriptional coactivator PGC-1α has been shown to induce peroxins and peroxisome proliferation in brown fat tissue. 39 Less is known about the regulation of peroxisome size, which is known to vary significantly with cell type. 45, 46 Matrix import-induced peroxisome growth indicates that peroxisomes have the inherent capacity to scale size in order to accommodate increased levels of matrix protein (Figure 4) .
Accumulation of the key PMPs, Pex14 ( Figure 5 ) and Pex3 ( Figure 7) suggests that membrane protein levels also scale with size. In some cases, the immunofluorescence suggests that the density of membrane proteins increases on experimentally enlarged peroxisomes. We interpret this data with caution because of uncertainty concerning the linear-response of immunofluorescence. Nevertheless, the data clearly indicate that levels of all the PMPs examined increase with matrix import-stimulated growth.
Overexpression of catalase in mouse heart cells was previously shown to induce peroxisome growth. 47 In this case, it is unknown whether this effect is accompanied by some form of transcriptional regulation. In the case of mCherry-PTS1-induced growth described
here, PMP accumulation does not appear to be accompanied by an increase in levels of corresponding mRNAs (Figure 8 ), suggesting that The membrane addition required for matrix import-stimulated peroxisome growth could be derived from vesicular or nonvesicular sources. [48] [49] [50] [51] Recent work indicates that the peroxisomes are tethered to the endoplasmic reticulum (ER) through direct interaction between the peroxisomal Acyl-CoA Binding Domain Containing protein 5 (ACBD5) and the ER vesicle-associated membrane proteinassociated protein B/C (VAPB). 52, 53 Peroxisomes do not appear to be adversely affected by ACBD5 deletion. 54 However, under certain conditions membrane expansion appears to be defective when ACBD5 is absent. 52, 53 Interestingly, as with all the membrane proteins we examined, ACBD5 also accumulates during matrix import-induced membrane expansion ( Figure S4 ). Future work can address the role of ERperoxisome tethering in matrix import-stimulated peroxisome growth.
| CONCLUSIONS
Here, we microinject a series of synthetic import substrates to directly probe the limitations and capabilities of the peroxisome import machinery. We combine protein engineering and quantitative microscopy methods to assess the biochemical selectivity of the importomer and the relationship between matrix protein import and peroxisome homeostasis.
We show that the import machinery is not only able to act on proteins, but can also import DNA and polysaccharide containing complexes. We further identify a form of matrix protein import-induced membrane biogenesis that does not appear to be linked to peroxin gene regulation.
| MATERIALS AND METHODS

| Cloning
cDNAs were cloned into pET15b for expression of his-tagged mCherry and GFP variants (Novagen), pET21b for Traptavidin expression (Novagen), pGEX6P for Glutathione S-transferase (GST) fusions (GE Healthcare) and pT7 for mRNA in vitro transcription (Ambion).
Plasmids and primer sequences can be found in Tables S1 and S2, respectively.
| Protein expression and purification
All proteins used in this study were induced in Escherichia coli BL21 (DE3) (Stratagene) in Luria-Bertani (LB) medium at 37 C for 4 hours Matrix import biases Fis1 targeting to peroxisomes. A, NRK cells were injected with 1 or 10 mg/mL mCherry-PTS1, incubated for 20 hours and then reinjected with mRNA coding for the peroxisome/mitochondrial membrane marker TMD-FIS1. After 4 hours, the cells were examined by LSCM. The fraction of TMD-FIS1 on mitochondria is extracted from the total GFP image using mitotracker as a mask. The remaining GFP signal is peroxisome-associated. Images derived from the masks are denoted with (m). The lower panels of uninjected and injected group shows the area defined by dotted square at upper panels. Upper panels scale bar = 10 μm. Lower panels scale bar = 2.5 μm. B, Quantification of the total mitochondria and peroxisome cross sectional area per cell (single z slice/cell). C, The graph shows total TMD-FIS signal for the indicated cells. D, The graph quantifies the percentage of the total TMD-FIS1 signal found on peroxisomes and mitochondria. E, The graph quantifies the density of TMD-FIS1 on the indicated organelles. SD is shown (N = 7). Statistical significance was determined by unpaired two-tailed student's test. *P < 0.05, ***P < 0.001
Thermo Fisher Scientific) with 10% fetal bovine serum (iDNA), 2 mM glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco), at 37 C, 5% CO 2 . All cell lines were free from mycoplasma contamination. 
| Microinjection
| LSM microscopy
The images showing mammalian cells were acquired using a Leica SP5
or SP8 inverted confocal microscope equipped with a ×100/1.4
Numerical Aperture objective. The images showing the promoterreporter experiments were acquired using a Zeiss WF Upright microscope equipped with a ×20 objective.
| Antibodies
All antibodies were validated before use. Hemagglutinin (HA) antibody only worked in cells with HA peptide expression. Pex14, Pex3, ACBD5
and FIS1 antibodies were colocalized with organelle-specific markers.
Antibodies along with their source and working concentration can be found in Table 1 .
| Anti-Pex3 antibody production
Chicken antibodies were raised against the human Pex3 cytoplasmic domain consisting of residues 41-373 with a C-terminal 6His-tag (GenScript Company). The antibody detects Pex3 as determined by colocalization with a HA-tagged Pex3 ( Figure S3 ). The antibody also produced a non-specific cytoplasmic signal, which could be excluded from the quantification using peroxisome masks (see section 5.14).
| Immunostaining
Cells cultured on coverslips were fixed with 4% paraformaldahyde Real-Time PCR System). The results were analyzed with SDS software (Applied Biosystems). Primer sequences can be found in Table S2 .
| AFM sample preparation and imaging
SA-5xmCherry was diluted to a concentration of 2 μg/mL in a buffer solution (PBS 10 mM, pH 7.5, 150 mM NaCl) and a 5 μL droplet was deposited onto the surface of freshly cleaved mica (muscovite) for 10 minutes. Then, the surface was rapidly rinsed with pure water (Millipore) and dried with pure nitrogen flow. Imaging was performed using tapping mode in air with a Multimode AFM from Digital Instruments. Mean TraPer-5xmCherry diameter based on AFM. SD is indicated (N = 30).
| Surface plasmon resonance
The binding kinetics of E3-GFP variants to K3-mCherry-PTS1 were monitored with a BIAcore instrument (BIAcore 3000, GE Healthcare).
K3-mCherry-PTS1 was immobilized onto a sensor chip (CM5, BIAcore, GE Healthcare) using the amine coupling kit (GE Healthcare) as described by the manufacturer. All experiments were performed at 25 C. Sensorgrams were recorded at a flow-rate of 15 μL/min for 6 minutes at five different concentrations three times for each E3-GFP variant ( Figure S2 ). Dissociation and association rate constants were calculated using the BIAcore software.
| Image analysis
Surface rendering ( Figure 4A ) and estimates of peroxisome surface area and volume were based on the GFP signal of TMD26 (N = 10). Segmentation parameters were identical for all images where direct comparisons were made. In cases where clusters were obvious and had not been automatically segmented, they were segmented manually. The surface was calculated using the surface function in Imaris. This data provided the basis for quantification shown in Figure unpaired two-tailed student's test. *P < 0.05, **P < 0.01, ***P < 0.001.
Each experiment was repeated at least three times with similar results.
The indicated organelle-specific markers were used to generate a mask using "Threshold" and "Watershed" functions in ImageJ. In some cases, the image derived from the mask is presented to clearly show the organelle-specific signal (Figures 6 and S2 ).
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